Habitat suitability index models for American shad Alosa sapidissima were developed by Stier and Crance in 1985. These models, which were based on a combination of published information and expert opinion, are often used to make decisions about hydropower dam operations and fish passage. The purpose of this study was to develop updated habitat suitability index models for spawning American shad in the southeastern United States, building on the many field and laboratory studies completed since 1985. We surveyed biologists who had knowledge about American shad spawning grounds, assembled a panel of experts to discuss important habitat variables, and used raw data from published and unpublished studies to develop new habitat suitability curves. The updated curves are based on resource selection functions, which can model habitat selectivity based on use and availability of particular habitats. Using field data collected in eight rivers from Virginia to Florida (Mattaponi, Pamunkey, Roanoke, Tar, Neuse, Cape Fear, Pee Dee, St. Johns), we obtained new curves for temperature, current velocity, and depth that were generally similar to the original models. Our new suitability function for substrate was also similar to the original pattern, except that sand (optimal in the original model) has a very low estimated suitability. The Bayesian approach that we used to develop habitat suitability curves provides an objective framework for updating the model as new studies are completed and for testing the model's applicability in other parts of the species' range.
Introduction
In the early 1970s, the U.S. Fish and Wildlife Service developed a habitat-based methodology for environmental impact assessment and project planning. This included the development of Habitat Suitability Index (HSI) models designed to aid in characterization of species' habitats and assessment of potential development impacts (USFWS 1980; USFWS 1981) . Levels for key habitat variables were given scores based on the assumed or estimated suitability for the species, and scores for all variables were typically combined as an estimate of the capacity of an identified area to support the species of interest. These HSI values range from 0.0 (totally unsuitable habitat) to 1.0 (optimum habitat), and it is assumed that there is a direct linear relationship between the calculated suitability index value and the species' ''carrying capacity'' in the habitat. For aquatic systems, suitability index curves are also used in Instream Flow Incremental Methodology (IFIM) studies, in which habitat variables are related to stream discharge . These IFIM methods can be used in comparisons between systems, over time, and between alternative operational plans (e.g., discharge levels in a regulated river) or to predict the potential value of upstream habitat made available through fish passage. Stier and Crance (1985) developed the first HSI model for American shad Alosa sapidissima (Figure 1 ). American shad is a historically important anadromous fish that has experienced substantial population declines along the east coast of North America (Limburg et al. 2003) . Restoration efforts underway in many large rivers include dam removals and provision of fish passage around dams (Cooke and Leach 2003; Weaver et al. 2003; Burdick and Hightower 2006) . Federal Energy Regulatory Commission licensing studies use American shad spawning-habitat suitability curves because of the species' role in deliberations about fish passage and minimum flow regimes. Stier and Crance (1985) developed separate riverine HSI models for spawning and egg-larval stages. Water temperature and current velocity were considered the two most important variables for spawning habitat, while the egg-larval component was based on water temperature. Suitability index curves for IFIM modeling were developed for water temperature, velocity, depth, and substrate. All curves assumed adequate water quality; suitability should be set to zero if dissolved oxygen falls below 5.0 mg/L for an extended period.
The purpose of this study was to develop data-driven HSI models for spawning American shad in rivers of the southeastern United States (Virginia to Florida). The original Stier and Crance (1985) models were developed using a combination of published information and expert opinion. We used expert opinion to select variables for inclusion, but we based suitability estimates strictly on field data from multiple river systems by using Bayesian statistical methods. This approach provides an objective framework for future updating as additional data become available and for testing and adapting the model for other portions of the species' range.
Methods

Spawning habitat survey
We conducted an online survey in November 2008 to gather information about American shad spawning grounds. We sent the survey to agency biologists involved in the 2007 Atlantic States Marine Fisheries Commission stock assessment for American shad (ASMFC 2007) and others actively involved in American shad research or management. Results presented here are for southeastern rivers. Respondents were asked to provide known locations of primary spawning grounds for their local rivers. A location could be the main current spawning grounds or a historically important area currently inaccessible due to dams. Questions included the basis for defining the spawning location (e.g., ichthyoplankton or electrofishing surveys, knowledge of fishing locations, telemetry, or historical accounts) and whether spawning presently occurred in this location due to the presence of an upstream dam.
Expert meeting
We assembled a group of American shad and habitat experts for a workshop in January 2009 to discuss the important habitat variables for spawning American shad. Invited participants were biologists with recent or ongoing projects on American shad in southeastern systems or those that work directly with habitat suitability models. At the start of the workshop, each expert constructed a flow diagram outlining the most important habitat variables for spawning American shad. The group then discussed key research regarding American shad spawning-habitat suitability, important habitat variables, and raw data available for new analyses.
Habitat suitability curves
Following the workshop, we developed updated habitat suitability models for water temperature, velocity, depth, and substrate using resource selection functions (RSF). An RSF is any function that describes the relative probability of using resource units with different characteristics, such as spawning sites with different velocities or substrates, (Boyce et al. 2002; Manly et al. 2002) . Model parameters are estimated by comparing an organism's use of particular habitats to the landscapewide availability of those habitats (Boyce et al. 2002) . For example, if sand and cobble substrates are equally available to an organism but spawning occurs predominately over cobble, such disproportionately higher use indicates a preference for cobble spawning sites. We assume that an organism's spawning-site selection reflects evolved preferences for more suitable habitats. In general, RSFs are entirely data-driven (Boyce et al. 2002 ) because they do not include expert opinion to assign suitability values; however, expert opinion is used to decide which habitat parameters to include in the model.
We modeled spawning-habitat use with a multinomial distribution, following the approach developed by Thomas et al. (2004) . A multinomial distribution is used in situations where a trial could result in one of several outcomes, such as the roll of a die or a fish's selection of a site with cobble (instead of silt, sand, etc.) substrate for spawning. The probability (P i ) of using habitat category i is modeled as
where a i is the proportion of available habitat in category i, and w i is the unscaled relative probability of using habitat i if all habitats were equally available (Thomas et al. 2004 ). If habitats were used in proportion to their availability, then estimates of the w i would be similar in magnitude (indicating no preference). Thomas et al. (2004) suggest that the w i values be rescaled to sum to 1, but we rescaled to a maximum of 1 for all habitat variables, so that the scaled w i values can be used as habitat suitability estimates. We used Bayesian statistical methods to construct RSFs following the approach developed by Thomas et al. (2004) . Bayesian methods combine prior information with new data to obtain refined estimates of model parameters (McCarthy 2007) . For example, we could have used the suitability index values developed by Stier and Crance (1985) as prior information. Instead, we chose to use uninformative prior distributions to develop new curves based solely on the data. Temperature, current velocity, depth, and substrate type were modeled because they were judged to be important habitat variables (as identified by experts-see below), they could be measured reliably in the field and linked to spawning activity, and data were available from one or more river systems (Table 1) . Uncertainty for each suitability curve was characterized using a 95% Bayesian credible interval (CI). We estimated the probability of no preference (Bayesian P-value) for each habitat variable by comparing the observed data to simulated data sets generated under the null hypothesis of no preference (Thomas et al. 2004) . OpenBUGS open-source software (Spiegelhalter et al. 2010 ) was used in all analyses.
For temperature, current velocity, and depth at spawning, we used the presence or absence of American shad eggs in ichthyoplankton samples as our dependent variable. We used presence or absence rather than egg density because methods differed between studies and American shad abundance likely varied by river system. Samples used to model suitability for temperature were taken over the entire spawning season. This wide temperature range provided contrast in the data set because it included samples from temperatures when spawning did and did not occur. For current velocity and depth, we used studies that collected ichthyoplankton samples over a large extent of the river; thus, samples were completed over the range of velocities and depths available to each population. Although temperature, current velocity, and depth were measured as continuous variables, we aggregated samples into bins in order to use the multinomial model. Available habitat for each variable was estimated by the proportion of samples that were collected at each bin level. We estimated the unscaled relative probabilities (w i ) for each variable (e.g., temperature) using a gamma distribution in order to produce a smoothed pattern across bins. The gamma distribution is a useful function to represent suitability because it provides for smooth (but possibly asymmetrical) changes in suitability as a function of the environmental variable, with low values at the extremes and a maximum at an intermediate value.
We developed the HSI for substrate using data on telemetry and spawning splashes. We considered ichthyoplankton samples less reliable for substrate analyses because eggs are captured downstream of the spawning location. Substrate can be heterogeneously distributed (e.g., small patches), so it is important to have the highest possible spatial precision. In contrast to the other binned continuous variables, substrate is a categorical variable, so we estimated the unscaled relative probabilities (w i ) separately for each category (Thomas et al. 2004 ). Available habitat proportions were based on habitat surveys for the Neuse and Pee Dee rivers (Beasley and Hightower 2000; Fisk 2010 ).
Using the habitat suitability curves
Habitat suitability scores can be used in a spreadsheet or specialized IFIM software such as PHABSIM (U.S. Geological Survey, Fort Collins, CO). One decision to be made is how to combine suitability values. The PHABSIM software can generate a composite suitability of a cell as either the product, geometric mean, or the minimum of the individual suitabilities (Bovee et al. 1998) . For our updated model, we recommend using the geometric mean, which would be zero if any individual index is zero, but would allow for a high score in one index to offset a low score on another one. Note that other variables, such as dissolved oxygen, could be added as suitability functions become available; or the model could be based on fewer variables if appropriate in a particular situation.
We included an example to illustrate the model's use and to compare its ability to predict spawning by American shad to that of the original Stier and Crance (1985) model. We used habitat availability data from the Neuse River collected by Beasley and Hightower (2000) to illustrate the suitability of each site as predicted by our new model and the original Stier and Crance (1985) model. Spatial patterns in predicted suitability from the original and updated models were then compared with independent American shad egg-collection results from ichthyoplankton sampling done by Burdick and Hightower (2006) . The predicted suitability of each site sampled for habitat (Beasley and Hightower 2000) was calculated in a spreadsheet (Table S2 , Supplemental Material) using a lookup-table function to assign a suitability for each habitat variable. Water temperatures varied substantially over the 14 d when habitat data were collected, so we used the geometric mean of suitability values for velocity, depth, and substrate as the composite suitability estimate for each point using the updated model. For comparison, we calculated suitability values for velocity, depth, and substrate from the Stier and Crance (1985) HSI curve for velocity and IFIM curves for depth and substrate. Following the approach used by Stier and Crance (1985) in their HSI model, we calculated the composite index for the original model as the minimum of the three suitability indices.
Results
Spawning habitat survey
Survey respondents provided information about primary American shad spawning grounds in 12 southeastern U.S. rivers ( Figure 2 ). Information came from a variety of sources, including historical accounts, ichthyoplankton and electrofishing surveys, telemetry, observations of spawning activity, and angling locations. Spawning grounds in three rivers (St. Johns, Altamaha, Edisto) were located in the Coastal Plain, but most others were near the transition between the Coastal Plain and Piedmont physiographic regions. In three rivers (Savannah, Tar, Roanoke), spawning locations were downstream of dams that were judged to have affected the spawning site location.
Expert meeting
Participants at the January 2009 meeting of American shad experts determined variables to include in updated American shad spawning-suitability models. Eleven experts constructed flow diagrams of habitat variables Table 1 . Studies used to evaluate American shad Alosa sapidissima spawning-habitat selection in southeastern U.S. rivers. For studies with plankton sampling (tows, set nets, and push nets), information on the collection of American shad eggs was used. Tows were oblique or stepped, set nets were anchored for a period of time, and push nets were 1 m below the surface. For studies that employed telemetry, observations of manually tracked adult American shad or spawning splashes and data on habitat availability were used. ''Extent'' refers generally to the spatial extent of plankton sampling in the river; ''Temp'' = water temperature; ''Dep'' = depth; ''Vel'' = current velocity; and ''Sub'' = substrate. Raw data from these studies were either published in a report or obtained by contacting an author. considered important for American shad during spawning and early development stages (Figure 3 ). This exercise occurred at the start of the meeting to capture each individual's knowledge and experience prior to subsequent literature reviews, presentations, and discussions.
Variables at the microhabitat scale were most commonly included in experts' diagrams; in particular, they included water temperature and current velocity (listed by all 11 experts) followed by depth and substrate type (listed by 10 of 11). In addition to current velocity, the dynamics of flow and flow variability also were identified as important. Numerous comments were made on acceptable spawning substrates, including ''sand, gravel,'' ''cobble or other hard substrate,'' ''absence of silt,'' and ''clean substrate,'' as well as on the correlation between larger substrate particles and higher current velocities. Water quality, including dissolved oxygen (minimum, average) and pH levels were also identified as important. Overall, experts agreed that certain microhabitat features and high water quality were important components for an updated habitat suitability model for spawning American shad. Macrohabitat features, as well as proximity of spawning habitat to other necessary freshwater habitats, were suggested to be important, but by fewer experts (Figure 3) . Experts also reviewed the available information to update the original Stier and Crance (1985) model. In addition to published field and laboratory studies, raw data were compiled from a variety of studies with sufficiently similar methods such that they could be evaluated together (Table 1) . Experts concluded that the microhabitat parameters water temperature, depth, current velocity, and substrate could be evaluated using available field data. Salinity, pH, and dissolved oxygen were considered useful parameters but suitable field data are lacking; laboratory studies are likely the best avenue for estimating suitabilities of these variables.
Habitat suitability curves
Based on expert opinion and available raw data (Table 1) , we updated American shad spawning-habitat suitability curves for water temperature, current velocity, water depth, and substrate. Data used in fitting the curves and estimated suitabilities are provided as Table S1 (Supplemental Material). OpenBUGS code for fitting the models is provided as Text S1 (Supplemental Material).
Temperature. A total of 2,314 ichthyoplankton samples from eight rivers were used to examine habitat suitability for American shad spawning with regard to water temperature. Eggs were collected at temperatures ranging from 6.3 to 27.8uC. The temperature bin with the highest percentage of positive samples (41%) was 18uC (Figure 4b) . The Bayesian multinomial model for temperature produced a scaled resource-selection function with a maximum at 18uC (Figure 4a ). Estimated suitabilities were relatively precise (narrow 95% CI). The estimated probability of no habitat preference was P = 0.00.
Current velocity. A total of 1,113 ichthyoplankton samples were used to examine habitat suitability for American shad spawning with regard to current velocity. Eggs occurred in samples at water velocities ranging from 0.00 to 1.32 m/s, with the highest percentage of positive samples (all .40%) occurring at water velocities of $0.6 m/s (Figure 5b ). The Bayesian model for water velocity produced a scaled resource-selection function that was relatively flat for 0.6 m/s and above, with a maximum at the highest velocity bin (Figure 5a ). The estimated probability of no habitat preference was P = 5.0E 2 5.
Depth. American shad eggs were detected in 487 of 1,963 ichthyoplankton samples, at water depths ranging from 0.5 to 12.0 m. The fraction of samples with eggs was highest (all .25%) for samples collected at 1.5-5 m (Figure 6b ). The Bayesian model for depth produced a scaled resource-selection function with a maximum at 2.5 m (Figure 6a ). The estimated probability of no habitat preference was P = 5.0E 2 5.
Substrate. Substrate use at spawning sites for American shad was examined with data on 399 spawning splashes in the Neuse River, North Carolina, and 207 relocations of radiotagged adult American shad in the Pee Dee River, North Carolina and South Carolina (Table 1) . Substrates were grouped into five categories: silt/clay, sand, gravel, cobble, and boulder/bedrock. Available habitat for the Neuse River was based on 151 samples taken at random locations throughout the Neuse River (Beasley and Hightower 2000) . Sand made up a high proportion of available habitat but gravel, cobble, and boulder/bedrock were the most used substrate types for spawning ( Figure 7b ). Available habitat for the Pee Dee River, based on an IFIM study by Fisk (2010) , was quite different from the Neuse River but use vs. availability was similar (Figure 7c ). The Bayesian model for substrate produced a scaled resource-selection function that was highest for cobble, followed by gravel and boulder/ bedrock (Figure 7a ). The estimated probability of no habitat preference was P = 0.00.
Using the habitat suitability model
Predicted spawning-habitat suitabilities for Neuse River sites (Table S1 , Supplemental Material) based on velocity, depth, and substrate differed substantially between the original Stier and Crance (1985) and our updated model (Figure 8 ). Sixty-five of the 103 points had a suitability of $0.4 according to the original model, whereas only five points exceeded 0.4 in our updated model. This difference was due primarily to the suitability of sand substrate, which is widespread in the lower Neuse River. Stier and Crance (1985) classified sand as optimal, but it has a very low estimated suitability in the updated model.
Discussion
Substantial progress has been made in our understanding of American shad biology since the original Stier and Crance (1985) report. Field studies in multiple southeastern rivers (Table 1) provide new information about spawning as a function of water temperature, current velocity, depth, and substrate. Our analyses of those new data do not dramatically change the shapes of the habitat suitability curves (except for substrate), but they do provide an objective, data-driven basis for future decision-making. Using an RSF for each variable accounts for sample size and provides an estimate of uncertainty for suitability at all levels of each variable.
Our approach for updating the American shad spawning model should work equally well for other U.S. Fish and Wildlife Service HSI models used in environmental impact assessment and project planning. The most critical aspect will be to locate field data sets that span a broad range of environmental conditions. Sampling is often not done at extreme conditions as a cost savings measure, but those values are important for fitting suitability curves. It is also useful to gather data from multiple rivers in order to characterize geographic variability in habitat preferences. As in this study, we suspect that data collected for other purposes can be used to test and refine many existing models before conducting new field studies.
The updated American shad spawning suitability curves can be tested and further updated as new studies are completed, both within the southeast and in more northern parts of the species' range. Our results could serve as the prior distributions for a Bayesian analysis of new data. If a further updated model is similar to the curves presented here, the new data lend support to our results and increase the precision of suitability estimates. Alternatively, a further updated model producing noticeably different results might indicate differences between river systems and populations of American shad. Such an outcome may warrant a customized local HSI model and likely additional field studies. Although straying does occur, most American shad spawn in their natal rivers (Melvin et al. 1986) and American shad from different rivers have been identified as genetically distinct (Bentzen et al. 1989; Epifanio et al. 1995; Waters et al. 2000; Hasselman et al. 2010) . Therefore, the potential exists for populations to become adapted to habitat in their river of origin. For example, Leggett and Carscadden (1978) observed American shad populations exhibiting differences in population dynamics along a latitudinal gradient. A similar latitudinal pattern in genetic differences between populations has not been documented (Bentzen et al. 1989; Epifanio et al. 1995; Waters et al. 2000) ; however, Hasselman et al. (2010) reported a significant increase in genetic differentiation with geographic distance among 12 Canadian populations. To date, no completed studies have suggested differences in spawning habitat selection between populations, but testing this model with new data from other systems could evaluate this potential issue. Additional research on other rivers, in particular northern rivers, would help to examine the model's validity over the species' range.
Our habitat suitability curve for temperature is similar to the original Stier and Crance (1985) curve, but declines more gradually at lower and upper extremes. Leim (1924) reported that American shad eggs developed best at 17uC, whereas Bradford et al. (1968) indicated that good hatching and development occurred between 15.6 and 26.7uC. Our updated suitability curve is also similar to the pattern Ross et al. (1993) observed for spawning splashes at different temperatures. They suggested an optimal range of 14-24.5uC, but were unable to determine an upper limit representing zero suitability. They collected eggs over a temperature range of 8.2-26.6uC with a median collection temperature of 19.6uC.
Our habitat suitability curve for current velocity is relatively flat above 0.4 m/s, whereas the original Stier and Crance (1985) curve declines sharply at high velocities. Ichthyoplankton data suggest that spawning occurs at all velocity levels, although we recognize that velocity could differ between sites where eggs were collected in plankton samples and sites where spawning occurred. Potentially, eggs are more available for capture in plankton samples in areas with higher velocity because eggs could be retained in the water column instead of settling out in the substrate. Plankton sampling and telemetry results for the Roanoke River indicate that the primary spawning grounds are in a high-gradient (,1.5m/km) section of the river at the physiographic Fall Line, with typical water velocities during the spawning season of 0.2-0.8 m/s (Hightower and Sparks 2003) . Observed spawning events in the Neuse River occurred at locations with mean velocities of 0.58 m/s in 1996 -1997 (Beasley and Hightower 2000 and 0.37 m/s in 1999-2000 (Bowman 2001 ). Ross et al. (1993) observed spawning from velocities at or close to zero up to about 0.7 m/s, and suggested that Stier and Crance's (1985) lower suitability limit was not warranted. Ross et al. (1993) also recommended an upper optimal limit of Figure 6 . (a) Estimated American shad Alosa sapidissima spawning-habitat suitability for water depth in m (median, with dotted lines indicating 95% CI) in southeastern U.S. rivers, based on a resource selection function fitted to (b) data on habitat use vs. availability, by 0.5-m depth bin. The dashed line shows the suitability curve developed by Stier and Crance (1985) . 0.7 m/s rather than the 0.9 m/s proposed by Stier and Crance (1985) .
Our habitat suitability curve for depth declined more gradually at shallow depths but more quickly in deep water than did the original Stier and Crance (1985) curve. Stier and Crance (1985) proposed an optimal depth range of 1.5-6.1 m, and zero suitability below 0.5 m and above 15.2 m. In the updated model, suitability exceeds 0.8 over the depth range 1.5-4.0 m, with a maximum at 2.5 m. Bilkovic et al. (2002) suggested that shallow water, high dissolved oxygen, and fast currents may enhance water mixing during American shad spawning, prevent siltation or suffocation of eggs, and transport larvae to productive downstream nursery areas. Observed spawning events in the Neuse River occurred at sites with mean depths of 1.3 m in 1996-1997 (Beasley and Hightower Figure 7 . (a) Estimated American shad Alosa sapidissima spawning-habitat suitability for substrate (median, with dotted lines indicating 95% CI) in southeastern U.S. rivers, based on a resource selection function fitted to (b and c) data on habitat use vs. availability, by substrate category. The dashed line shows the suitability curve developed by Stier and Crance (1985) , using averages for combined categories (silt/clay, boulder/bedrock). 2000) and 1.2 m in 1999-2000 (Bowman 2001) . Similarly, most observed spawning events in the Delaware River were at sites ,2.0 m in depth (Ross et al. 1993 ). Observed spawning activity may be a better indicator of depth preference than ichthyoplankton sampling, given that the latter method collects eggs coming from upstream locations (and may not be feasible in very shallow water). However, observed spawning events may also be biased if subsurface spawning is significant. Layzer (1974) reported the collection of eggs at one Connecticut River site where spawning splashes were not observed and suggested that spawning splashes may not be as evident at sites with deep water. Ichthyoplankton sampling data could also be biased toward deeper water sites if eggs in shallow water are more prone to settle out or lodge in the substrate (e.g., Layzer 1974; Moser et al. 1998 ) and become unavailable for ichthyoplankton sampling.
Our habitat suitability function for substrate was generally similar to the original Stier and Crance (1985) pattern, with sand as the one exception. In the original model, sand was given an optimal suitability score but our analysis resulted in a very low estimated suitability for sand. Sand was highly available within the Neuse River but did not typically occur at sites of observed spawning activity (Beasley and Hightower 2000; Bowman 2001) . Results for the Pee Dee River were similar in that radiotelemetered American shad occupied sites with sand substrate less often than expected, based on its availability (Harris and Hightower 2011a) . Our RSFs indicated substantially higher suitability values for gravel, cobble, and boulder/bedrock compared with sand and silt/clay. Ross et al. (1993) did not report substrate type at spawning sites but did report that spawning activity was highest in runs and lowest in pools and riffle pools. Runs were defined as a midriver stretch of relatively shallow (0.5-1.5 m) water of moderate current velocity (0.3-0.7 m/s), which is similar to spawning habitat characteristics reported by Beasley and Hightower (2000) , Bowman (2001) , Bilkovic et al. (2002) , and Harris and Hightower (2011a) . Figure 8 . Predicted American shad Alosa sapidissima spawning-habitat suitability for randomly selected Neuse River, North Carolina, sites (Beasley and Hightower 2000) , using (a) the original Stier and Crance (1985) model, and (b) our updated model. Lines indicate the three 15-km river reaches that were estimated to have produced the highest relative American shad egg densities in 2003-2004 ichthyoplankton sampling (Burdick and Hightower 2006) .
The importance of large substrates has been observed for multiple river-spawning fishes. Riverine areas dominated by larger substrates (such as gravel and cobble) and free from silt are often used as spawning habitat by anadromous alosines (Caswell and Aprahamian 2001; Harris and Hightower 2011b) , salmonids (Mull and Wilzbach 2007; Louhi et al. 2011 ) and sturgeons (Fox et al. 2000; Perrin et al. 2003) , as well as freshwater catostomids (Grabowski and Isley 2007; Fisk 2010; Jennings et al. 2010) . It has been suggested that eggs deposited on gravel and cobble have higher survival than those deposited on smaller substrates because carbon dioxide and oxygen exchange rates may be higher (Koch et al. 2006; Jennings et al. 2010; Louhi et al. 2011 ). In addition, appropriately sized gravel and pebble substrates have been shown to provide increased protection from egg predators, as compared with larger or smaller substrates (Palm et al. 2009; Etheridge et al. 2011) .
Our updated suitability curves for temperature, velocity, and depth have a single optimal level, compared with the broad optimal ranges for the original Stier and Crance (1985) curves. The curvature results from the comparison of use vs. availability; for example, ichthyoplankton samples often contained eggs at intermediate temperatures but rarely did at the extremes. We modeled these patterns with a gamma function but obtained very similar curves with both a quadratic polynomial and a normal distribution function. Stier and Crance (1985) encouraged the development of this type of ''category three'' curve based on use vs. availability, compared with ''category one'' curves based on literature and judgment or ''category two'' curves based on habitat use only. They note that category three curves theoretically should be transferrable to other systems with different habitats because they remove the effect of habitat availability.
Ichthyoplankton sampling in the Neuse River in (Burdick and Hightower 2006 provided some support for our updated model with more narrowly defined optima. Suitability estimates of $0.4 were rare for the updated model (5 of 103) but two of those locations were contained within the three 15-km river reaches with highest relative egg densities in the Burdick and Hightower (2006) study (Figure 8 ). It should be emphasized that two of three field studies used to produce the substrate suitability function and the 2003-2004 ichthyoplankton samples are from a single river (Neuse), although no information about the spatial pattern was used in developing the curves. Further testing and validation of the entire updated suitability model is warranted, especially the substrate component, which changed considerably from the original Stier and Crance (1985) model. Methods to identify spawning by American shad (ichthyoplankton sampling, telemetry, and identifying spawning splashes) have different costs and benefits. Ichthyoplankton sampling for American shad eggs is simple, efficient, and highly successful; thus, samples can be completed at many locations in a river over an entire spawning period at relatively low cost (e.g., Burdick and Hightower 2006 ; see also Harris and Hightower 2010 ). This efficiency makes it possible to sample over the entire range of conditions (e.g., temperatures below, within, and above the optimal temperature for spawning). The primary disadvantage of ichthyoplankton sampling is that eggs travel an unknown distance between a spawning site and a collection site, as a function of collection method, habitat, and flow (Chittenden 1969; Marcy 1972; Layzer 1974) ; therefore, the egg collection site may not represent the spawning site. It is possible to estimate the general location (e.g., 5-or 15-km river reaches) of spawning sites using current velocity and egg stage (Burdick and Hightower 2006; Harris and Hightower 2011a) , but these estimates do not provide fine-scale information about habitat use. Large rivers are generally well-mixed, so water temperature at the site of egg collection should be a reasonable indicator of temperature at the spawning site (although diel temperature changes could be an issue). This is less likely to be true for current velocity and water depth because eggs may be retained more in the water column in deep areas with high current velocity. Telemetry can evaluate habitat use and movement patterns of adult fish on spawning grounds, but is expensive, laborintensive, and may result in biased information on migration and spawning locations because of effects of handling and tagging (Beasley and Hightower 2000; Hightower and Sparks 2003; Bailey et al. 2004; Olney et al. 2006 ). Observations of spawning splashes are an excellent way to directly evaluate spawning habitat use if the events are visible and differentiable to species. A disadvantage of using spawning splashes is the possibility that they are more visible in shallow compared with deeper water (Layzer 1974 ). In addition, observations typically occur at night when American shad spawn (Leim 1924) , making it difficult to evaluate spawning intensity over a large portion of a river in a given night. For both telemetry and observations of spawning splashes, an assessment of habitat availability is required, which may be prohibitively labor-intensive if discharge levels change dramatically in the system. Ultimately, including results from multiple methods may be the best strategy for obtaining an unbiased understanding of habitat suitability for American shad.
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